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Abstract: 


Humans commonly have low level antibodies to poly(ethylene) glycol (PEG) due to 
environmental exposure. Lipid nanoparticle mRNA vaccines for SARS-CoV-2 contain small 
amounts of PEG but it is not known if PEG antibodies are enhanced by vaccination and if there 
are any consequences. We studied plasma from 55 people receiving the Comirnaty (Pfizer- 
BioNTech) mRNA vaccine for PEG-specific antibodies. Anti-PEG IgG was commonly detected 
prior to vaccination and was boosted a mean of 1.78-fold (range 0.68 to 16.6) by vaccination. 
Anti-PEG IgM increased 2.64-fold (0.76 to 12.84) following vaccination. PEG antibodies did not 
impact the neutralizing antibody response to vaccination. Pre-existing levels of anti-PEG IgM 
correlated with increased reactogenicity. A rise in PEG antibodies following vaccination was 
associated with an increase in the association of PEG-based nanoparticles to blood immune cells 
ex vivo. We conclude that low level PEG-specific antibodies can be modestly boosted by a lipid 
nanoparticle mRNA-vaccine and that PEG-specific antibodies are associated with higher 
reactogenicity. The longer-term clinical impact of the increase in PEG-specific antibodies 


induced by lipid nanoparticle mRNA-vaccines should be monitored. 


One-Sentence Summary: 


A rise in PEG antibodies following mRNA lipid nanoparticle vaccination was associated with 


higher reactogenicity and PEG particle—leukocyte interactions. 
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Main Text: 

Humans are exposed to poly(ethylene) glycol (PEG) through consumer products and medicines. 
A proportion of adults have circulating anti-PEG antibodies.(/-5) Incorporation of PEG into the 
formulation of some systemically administered drugs to improve pharmacokinetics can result in 
anti-PEG antibodies that ultimately limit the bioavailability of the drug and can cause side 
effects.(6-8) Lipid nanoparticle mRNA vaccines for SARS-CoV-2 contain small amounts of a 
PEG-lipid conjugate to stabilise the lipid nanoparticle.(9, /0) An estimated 1.95ug and 6.01ug of 
the PEG-lipid conjugates ALC-0159 and PEG2000-DMG are present per dose for the BNT162b2 
(Comirnaty, Pfizer-BioNTech) and mRNA-1273 (Spikevax, Moderna) vaccines, 

respectively.(/ /) Lipid nanoparticle SARS-CoV-2 mRNA vaccines containing PEG-lipids have 
now been given to 100’s of millions of people worldwide. However, it is not known whether 
anti-PEG antibodies are induced or boosted by intramuscular lipid nanoparticle mRNA 


vaccination for COVID-19 and what effect, if any, this may have on vaccine responses. 


We studied serial blood samples from 55 adults across 3 separate cohorts receiving 2 doses of the 
Comirnaty (Pfizer-BioNTech) COVID-19 vaccine (subject details in Supplementary Fig. 1). 
PEG-specific IgG and IgM antibodies were quantified by ELISA first to a 40 kilodalton PEG 
molecule as described in the Methods. PEG-specific IgG was detectable (endpoint titre >1:10) 
prior to vaccination in 40 of the 55 subjects (73%), ranging in titre from 1:12-1:3000. 

Of the 55 subjects, 26 subjects (47%) had a titre >1:80. In the literature, there is a wide range of 
prevalence of anti-PEG antibodies reported, ranging from <4% to 72%,(3-5) potentially 
attributed to differences in geographic location, age of the blood donors as well as different assay 


systems used in the individual studies. A small but consistent increase in PEG-specific IgG was 
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observed after 2 vaccinations with a mean fold change of 1.78, range 0.68—16.6, across all 55 
subjects. A rise in PEG-specific IgG was observed in 37 subjects (67%), mainly in those with 
pre-existing antibodies (35 subjects) (Fig. 1A, Supplementary Fig. 2A). PEG-specific IgM 
antibodies also increased after vaccination with a mean fold change of 2.64, range 0.76—12.84, 
across all 55 subjects. Forty-one of the 55 subjects had a rise in PEG-specific IgM following 
vaccination, including 11 who did not develop PEG-specific IgG responses. There were 9 (16%) 
and 23 (42%) of subjects who had a boost of anti-PEG IgG and IgM with more than 2-fold 
change after vaccination, respectively. A time course analysis showed that subjects with 
increased PEG antibody responses had a stepwise increase after the first and second vaccination 
(Supplementary Fig. 3). PEG antibodies did not increase further out to 3 months in a subset of 
subjects (n=10) where late post-vaccination samples were available (Supplementary Fig. 3B). As 
a control group, we studied plasma samples from 55 unvaccinated subjects across 2 separate 
cohorts (40 SARS-CoV-2 infected convalescent subjects and 15 healthy donors) over a 6-month 
period (subject details in Supplementary Fig. 4). In contrast to the Comirnaty vaccinated group, 
anti-PEG IgG and IgM titres did not increase and overall slightly decreased over a 6-month 
period with a mean fold change of 0.92 and 0.98, respectively, across the 55 unvaccinated 


control subjects (Figure 1B, Supplementary Fig. 2B). 


The anti-PEG IgG response following Comirnaty vaccination was gender- and age-dependent. 
Females had higher titres of pre-existing anti-PEG IgG than males (mean titre 1:74 vs. 1:35, Fig. 
1C, left). This is consistent with previous findings and has been postulated to be related to 
greater exposure of females to PEG-containing cosmetic products.(3) Females had a higher rise 


of anti-PEG IgG after Comirnaty vaccination than males (mean fold change 2.12 vs. 1.19, Fig. 
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1C, right). We found the age of donors was negatively correlated with the pre-existing levels and 
change in anti-PEG IgG after vaccination (Fig. 1D). Younger subjects have been previously 
reported to have higher PEG-specific antibodies in a large serosurvey.(3) Younger age was also 
associated with a greater boost to anti-PEG IgG following Comirnaty vaccination than older 
subjects. We did not observe an influence of gender or age on the change in anti-PEG IgM after 
vaccination although pre-existing anti-PEG IgM showed a negative correlation with age 


(Supplementary Fig. 5) 


To determine whether the PEG antibodies detected specifically recognised the PEG-lipid or other 
synthetic lipid components of the Comirnaty vaccine, we assessed a subset of 18 vaccinees 
where larger plasma samples were available for antibody response to the ALC-0159 (PEG-lipid), 
ALC-0315 Gonizable lipid), and DSPC (helper lipid) components of the Comirnaty vaccine. We 
found anti-human IgG that was specific to the ALC-0159 PEG-lipid increased in 10 out of 18 
subjects studied (mean fold change 3.03, range 1—27.4, Fig. 2A). The boost of PEG-lipid- 
specific IgG correlated with the increase of PEG-specific IgG from the same subjects detected 
using a 40 kilodalton PEG (Fig.2B). In contrast, the other lipid components, ALC-0315 and 
DSPC, elicited no antibody responses before or after vaccination (Fig. 2C). Furthermore, a 
humanized monoclonal anti-PEG IgG was used to assess specificity to the synthetic lipid 
components of Comirnaty vaccine. We found the monoclonal anti-PEG IgG specifically 
recognised the ALC-0159 (PEG-lipid) and 40 kilodalton PEG in a concentration-dependent 
manner, whilst it did not recognise ALC-0315 or DSPC (Fig. 2D). Taken together, these results 
suggest antibody recognition of PEG in the PEG-lipid component of the Comirnaty vaccine 


occurs in vaccinees. 
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PEG is a hydrophilic compound commonly formulated with therapeutics to reduce non-specific 
immune clearance. Anti-PEG antibodies can reduce the bioavailability and efficacy of PEG- 
containing therapeutics.(6) To determine the potential of anti-PEG antibodies induced by 
Comiurnaty vaccination to promote immune-mediated clearance of nanomaterials containing 
PEG, we used a previously developed ex vivo human blood immune cell-particle association 
assay (Experimental design shown in Fig. 3A).(/2) We first analysed the association of a 
fluorescently labelled PEG-based nanomaterial, a 100 nm PEGylated mesoporous silica particle 
termed PEG-MS (characterisation in Supplementary Fig. 6). The assay incubates nanoparticles 
for | hr with fresh primary human blood cells containing monocytes, granulocytes, and B cells in 
the presence of plasma before and after Comirnaty vaccination and measures nanoparticle and 
immune cell association by flow cytometry (details in Methods, gating strategy shown in 
Supplementary Fig. 7). The PEG-MS nanoparticles displayed a range of plasma donor-dependent 
association with immune cells, consistent with our previous findings.(/3) Baseline levels of PEG 
IgG (rather than IgM) antibodies correlated with the association of PEG-MS nanoparticles with 
primary human immune cells ex vivo, illustrating that PEG-specific antibodies influence the 
behaviour of PEGylated nanoparticles (Fig. 3B, Supplementary Fig. 8A). The biggest dynamic 
range of association was with B cells, likely mediated by antibody-mediated attachment to B cell 
complement receptors since heat inactivation of plasma has previously been shown to inhibit this 
association.(/4) We found that there was an increase in the association of PEG-MS particles with 
B cells when plasma was obtained after vaccination (Fig. 3D, left). The degree of increase in 
anti-PEG IgM antibodies after vaccination correlated with the increase in association of PEG-MS 


particles to B cells (Fig. 3D, right). In contrast, changes in monocyte or granulocyte association 
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with PEG-MS particles were minimal for most of plasma donors after vaccination and did not 
show a significant correlation with change in anti-PEG antibodies (Figure Supplementary Fig. 


8B,C). 


To further probe the potential clinical significance of anti-PEG antibodies enhanced by lipid 
nanoparticle vaccination, we studied blood immune cell association of PEGylated doxorubicin- 
encapsulated liposomes that contain the same lipid composition and drug/lipid ratio as clinically 
used liposomal doxorubicin agent for anti-cancer chemotherapy called Doxil (characterisation in 
Supplementary Fig. 6). We found the pre-existing levels of anti-PEG IgG correlated with the 
association of Doxil with monocytes and granulocytes (Fig. 3C), while pre-existing levels of 
anti-PEG IgM correlated with Doxil association with B cell (Supplementary Fig. 9A). We 
observed an increase in monocyte association with Doxil mediated by plasma after vaccination, 
which correlated with the level of changes in anti-PEG IgM levels in plasma (Fig. 3E). The 
change in B cell association of Doxil also correlated with the change in anti-PEG IgM levels 
(Supplementary Fig. 9B). The change in granulocyte association of Doxil correlated with the 
change in the levels of anti-PEG IgG and anti-PEG IgM in plasma after vaccination 
(Supplementary Fig. 9C). These ex vivo results across two independent particle systems show 
anti-PEG antibodies in the blood impact immune cell interactions with PEG-based 
nanomaterials. Further, the increased level of anti-PEG antibodies induced by lipid nanoparticle 
vaccination enhanced human immune cell association of the PEG-containing therapeutic Doxil. 
Plasma proteins are known to opsonize foreign nanomaterials in the blood, forming so-called 
“protein corona”’,(/5-17) which leads to recognition and inactivation of nanomaterials by 


immune system.(/8-2/) In our previous studies, we found that the enrichment of 
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immunoglobulins in protein coronas 1s correlated with donor-specific nanoparticle association 
with human blood immune cells.(/3) The studies herein demonstrate that anti-PEG antibodies 
are key immunoglobulins that drive the person-specific immune cell association of PEG- 


containing nanoparticles in human blood. 


Many PEG-based therapeutics are delivered intravenously to promote biodistribution throughout 
the body and anti-PEG antibodies can interfere with this process. Intramuscular vaccination, 
however, exerts its effect primarily via the vaccine traversing lymphatics and stimulating 
immunity in the draining lymph node. This process may be less impacted by systemic anti-PEG 
antibodies. The impact of PEG-specific antibodies on vaccination was analyzed by quantifying 
SARS-CoV-2-specific neutralizing antibody levels 2 to 7 weeks after the second vaccination 
using a live virus neutralisation assay, since neutralization responses have emerged as a key 
correlate of protective immunity.(22) All 55 vaccinated subjects generated neutralizing antibody 
responses to SARS-CoV-2 after the second vaccine (median 346, range 103-1848 I[Ds9). There 
was no correlation between the absolute levels or change of PEG-specific IgG or IgM antibodies 
before or after vaccination and the neutralizing antibody titres (Figure 4A, Supplementary Fig. 
10). This suggests PEG antibodies induced by 2 doses of Comirnaty do not interfere with vaccine 


immunogenicity. 


There has been speculation that anti-PEG antibody responses may be involved in reactogenicity 
and anaphylaxis associated with COVID-19 lipid mRNA nanoparticle vaccination.(23-27) We 
assessed self-reported local and systemic reactions to the Comirnaty vaccination from a subset of 


44 of the 55 vaccinees where reactogenicity data was available (Supplementary Fig. 1,12,13) and 
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its association with anti-PEG antibodies. Reactogenicity was scored as the sum of local and 
systemic adverse events. Vaccine reactions were generally mild and no subjects experienced 
anaphylaxis or myocarditis in our small cohort. As previously reported, reactogenicity was 
higher after the second Comirnaty vaccination.(28) We found no association between vaccine 
reactogenicity and the pre-existing levels of anti-PEG IgG or the increased levels of anti-PEG 
antibodies (Supplementary Fig. 11). However, we found that the pre-existing anti-PEG IgM 
levels correlated with a higher rate of reactogenicity after both the first and second vaccinations 
(Fig. 4B). Larger studies are required to confirm these data and to determine if changes in 
reactogenicity are associated with the modest induction or boosting of anti-PEG antibodies 


following future regimens utilizing further doses. 


We conclude that low level PEG-specific IgG and IgM antibody responses are modestly but 
significantly boosted by the PEG-lipid contained in the Comirmnaty SARS-CoV-2 lipid 
nanoparticle vaccine. PEG-specific antibodies present prior to or following vaccination did not 
negatively impact the immune response to 2 doses of the vaccine. However, even the small boost 
of anti-PEG antibodies detected following vaccination was found to impact the association of 
PEGylated nanomedicines with monocytes, granulocytes and B cells ex vivo. This suggests it 
will be important to assess the impact of lipid nanoparticle vaccination on the biology of other 
PEGylated medicines. Importantly, higher pre-existing anti-PEG IgM levels were found to 
correlate with higher reactogenicity of the vaccine. Larger and longer studies are needed to 
analyze the longer-term impact of boosting anti-PEG antibodies by lipid nanoparticle mRNA 
vaccination. Booster doses of SARS-CoV-2 lipid nanoparticle mRNA vaccines, now commonly 


recommended to enhance immunity(29) and for emerging variants of SARS-CoV-2,(30) as well 
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as new mRNA lipid nanoparticle vaccines and therapies for other infectious diseases or 
cancers(3/) may further increase PEG-specific antibodies. Generating next-generation lipid 
nanoparticles with alternatives to PEG(32) may be useful for overcoming PEG immunogenicity 


in the future. 
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Fig. 1 | The impact of Comirnaty vaccination on the levels of PEG specific antibodies. 

A) Comparing plasma anti-PEG IgG and IgM titres before and 2 to 77 weeks (mean 27 days, 
range 12—49) following the Comimaty vaccination of healthy cohort (n=55). p-values were 
derived by Wilcoxon’s matched-pairs signed rank test. 

B) Comparing plasma anti-PEG IgG and IgM titres over a 6-month period (mean 186 days, range 
120-253) of unvaccinated control cohort (n=55, including 40 SARS-CoV-2 infected 
convalescent patients and 15 healthy donors). p-values were derived by Wilcoxon’s matched- 
pairs signed rank test. 

C) Sex-dependent anti-PEG IgG response. Left: comparing the pre-existing (baseline) anti-PEG 
IgG titres between male and female donors (including all the vaccinated and unvaccinated 
control cohorts, n=110). Right: Sex effect on the fold change (logo) in anti-PEG IgG titres at 2 
to 7 weeks post-boost compared to baseline (n=55 from Comirnaty vaccinated cohorts). p-values 
were derived by Mann-Whitney U test. 

D) Age-dependent anti-PEG response. Left: Spearman correlation between age of donors and the 
pre-existing anti-PEG IgG titres (including all the vaccinated and unvaccinated control cohorts, 
n=110). Right: Spearman correlation between age of donors and the fold change (logjo) of anti- 
PEG IgG titre at 2 to 7 weeks post-boost compared to baseline (n=55 from Comirnaty vaccinated 


cohorts). 
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Fig. 2 | Specificity of PEG specific antibodies to PEG-lipid and other synthetic lipid 
components of Comirnaty vaccine 

A) PEG-lipid-specific IgG titres before and day 14 following 2 doses of the Comirnaty 
vaccination in 18 healthy subjects across cohort 1. The ELISA were performed by coating ALC- 
0159 (PEG-lipid contained in the Comirnaty vaccine) on hydrophobic plates. p-values were 
derived by Wilcoxon’s matched-pairs signed rank test. 

B) Spearman correlation between the fold change (logi9) of anti-PEG-lipid IgG titres detected by 
ALC-0159 and the fold change of anti-PEG IgG titres detected by 40 kilodalton PEG at day 14 
post-boost compared to baseline (n=18 from cohort1). 

C) ELISA assay of anti-human IgG specific to lipid nanoparticle components ALC-0159 (PEG- 
lipid), ALC-0315 Gonizable lipid), and DSPC (helper lipid) in comparison to background (no 
antigen precoating) of 18 healthy subjects across cohort | at day 14 following Comirnaty 
vaccination (two doses). The ELISA were performed by coating individual lipid components 
(ALC-0159, ALC-0315, and DSPC) on hydrophobic plates and the plasma were diluted at 1:10 
in 5% skim milk. Data are shown as mean + SD (duplicate samples). 

D) Specificity of monoclonal anti-PEG IgG to 40 kilodalton (kDa) PEG, ALC-0159, ALC-0315, 
and DSPC, which were pre-coated as antigen on hydrophobic ELISA plates. Data are shown as 


mean + SD (duplicate samples). 
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Fig. 3 | The impact of PEG specific antibody in plasma on human blood immune cell association of PEGylated nanoparticles. 

A) Design of human blood assay to assess the impact of plasma on PEGylated nanoparticle association with human immune cells. Fresh 
human blood from a healthy donor was washed by centrifugation with serum-free media mutliple times to completely remove plasma. 
PEGylated nanoparticles were pre-incubated with plasma from 18 donors accoss Cohort | before and day 14 post-boost of Comirnaty 
vaccination, and then incubated with washed blood in serum-free media for 1 h at 37 °C, followed by phenotyping cells with antibody 
cocktails and analysis by flow cytometry. Created with BioRender.com. 

B,C) Spearman correlation between pre-existing (pre-vaccination) anti-PEG IgG titres (n=18 from Cohort 1) and PEG-MS or Doxil 
nanoparticle association with monocytes, granulocytes, and B cells in human blood. 

D) Left: Comparing B cell association with PEG-MS nanoparticles before (Pre-Vax) and day 14 post boost of the Comirnaty vaccination 
of 18 subjects across Cohort 1. p-values were derived by Wilcoxon’s matched-pairs signed rank test. Middle & Right: spearman 
correlation between the change in B cell association of PEG-MS nanoparticle and the fold change (logio) in plasma anti-PEG IgG or anti- 
PEG IgM titres at 2 weeks post-boost compared to baseline (n=18 from Cohort 1). 

E) Left: Comparing monocyte association with Doxil before (Pre-Vax) and day 14 post boost of the Comirnaty vaccination of 18 subjects 
across Cohort |. p-values were derived by Wilcoxon’s matched-pairs signed rank test. Middle & Right: spearman correlation between the 
change in monocyte association of Doxil and the fold change (logjo) in plasma anti-PEG IgG or anti-PEG IgM titres at 2 weeks post- 


boost compared to baseline (n=18 from Cohort 1). 
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A Correlation between Change in Anti-PEG Antibody and Neutralizing Antibody Responses 
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Fig. 4 | The impact of PEG specific antibody on neutralizing antibody responses and 
reactogenicity after Comirnaty vaccination. 

A) Spearman correlation between live SARS-COV-2 neutralization titre (¢nhibitory dilution 50, 
IDs0) and the fold change (logio9) of anti-PEG IgG or anti-PEG IgM titre at 2 to 7 weeks post- 
boost compared to baseline (n=55). 

B) Spearman correlation between pre-existing anti-PEG IgM titres and reactogenicity scores 


post-prime or post-boost (n=44). 
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